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ABSTRACT
Context. Vela X is a pulsar wind nebula in which two relativistic particle populations with distinct spatial and spectral distributions
dominate the emission at different wavelengths. An extended 2◦ × 3◦ nebula is seen in radio and GeV gamma rays. An elongated
cocoon prevails in X-rays and TeV gamma rays.
Aims. We use ∼9.5 years of data from the Fermi Large Area Telescope (LAT) to disentangle gamma-ray emission from the two
components in the energy range from 10 GeV to 2 TeV, bridging the gap between previous measurements at GeV and TeV energies.
Methods. We determine the morphology of emission associated to Vela X separately at energies < 100 GeV and > 100 GeV, and
compare it to the morphology seen at other wavelengths. Then, we derive the spectral energy distribution of the two gamma-ray
components over the full energy range.
Results. The best overall fit to the LAT data is provided by the combination of the two components derived at energies < 100 GeV
and > 100 GeV. The first component has a soft spectrum, spectral index 2.19 ± 0.16+0.05−0.22, and extends over a region of radius 1◦.36 ±
0◦.04, consistent with the size of the radio nebula. The second component has a harder spectrum, spectral index 0.9 ± 0.3+0.3−0.1, and is
concentrated over an area of radius 0◦.63± 0◦.03, coincident with the X-ray cocoon that had already been established to account for the
bulk of the emission at TeV energies.
Conclusions. The spectrum measured for the low-energy component corroborates previous evidence for a roll-over of the electron
spectrum in the extended radio nebula at energies of a few tens of GeV possibly due to diffusive escape. The high-energy component
has a very hard spectrum: if the emission is produced by electrons with a power-law spectrum the electrons must be uncooled, and
there is a hint that their spectrum may be harder than predictions by standard models of Fermi acceleration at relativistic shocks.
Key words. stars: winds, outflows – gamma rays: stars – pulsars: individual PSR J0835−4510 (Vela pulsar) – acceleration of particles
– radiation mechanisms: non-thermal
1. Introduction
Pulsars generate powerful winds that form nebulae filled by
magnetized relativistic plasma, which, in turn, produce nonther-
mal radiation from radio to gamma rays. Pulsar Wind Nebulae
(PWNe, e.g., Amato 2014) are a prime observational target to
understand particle acceleration in relativistic plasmas and are
plausibly an important source of high-energy cosmic ray elec-
trons and positrons.
Vela X is the PWN formed by the Vela pulsar,
PSR J0835−4510. Due to its modest distance from the Sun of
only 287+19−17 pc (Dodson et al. 2003, from parallax measure-
ment of the pulsar), Vela X is spatially resolved at many wave-
lengths. Two main components appear to dominate depending
on the wavelength (see, e.g., Hinton et al. 2011, and references
therein). From radio to microwaves, Vela X appears as an ex-
tended 2◦×3◦ nebula with a butterfly-like morphology. also con-
sistent with GeV gamma-ray observations. The pulsar lies at the
position of the butterfly head, and we observe a series of fil-
aments departing from it along the butterfly body, forming an
elongated 1◦ structure dubbed the cocoon, that dominates emis-
sion in X-rays and TeV gamma rays.
The conventional interpretation originally advocated by de
Jager et al. (2008) is that two populations of accelerated elec-
trons with different spectra coexist in Vela X. Hinton et al. (2011)
proposed that the extended radio nebula shelters an older elec-
tron population accelerated in the first phases of the pulsar and
supernova remnant (SNR) life, and that the highest-energy parti-
cles have by now left this region due to diffusive escape. On the
other hand, the cocoon would be filled by an electron population
accelerated more recently and not affected yet by escape.
This hypothesis is motivated by the prediction of multiple
particle populations in middle-aged PWNe evolving in SNRs by
Gelfand et al. (2009), and by the hydrodynamical simulations of
Blondin et al. (2001), who suggested that the Vela X cocoon is a
recent structure formed ∼20 kyr after the explosion of the super-
nova and the birth of the pulsar, due to the SNR reverse shock
crushing the PWN. This scenario also justifies the morphology
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of the radio nebula and the off-center position of the pulsar, due
to the asymmetric interaction with the SNR. The timescale sug-
gested by the hydrodynamical simulations is in agreement with
the age of the pulsar of 20-30 kyr inferred from its spindown
history (Lyne et al. 1996).
The gamma-ray spectrum and morphology of Vela X have
been studied in detail so far only at energies < 100 GeV using
the Large Area Telescope (LAT) aboard the Fermi Gamma-ray
Space Telescope (Abdo et al. 2010; Grondin et al. 2013), and
at energies > 550 GeV using the H.E.S.S. array of atmospheric
Cherenkov telescopes (Aharonian et al. 2006; Abramowski et al.
2012). Ackermann et al. (2016); Ajello et al. (2017) have shown
that the most recent Fermi LAT dataset based on the Pass 8
event-level analysis (Atwood et al. 2013) in fact shows signifi-
cant emission associated with Vela X at all energies from 10 GeV
up to 2 TeV.
In this article we present a new analysis of Fermi LAT data
> 10 GeV, and use it to disentangle the spectra of the different
morphological components in Vela X. Thus, we bridge the gap
between previous measurements, and we probe for the first time
the spectral distribution of the highest-energy particles in the ex-
tended nebula and of the lowest-energy particles in the cocoon.
2. Observations, Analysis, and Results
2.1. Dataset and Analysis Generalities
The Fermi LAT is an imaging pair-tracking telescope that detects
gamma rays from 30 MeV to > 1 TeV (Atwood et al. 2009).
We use all observations performed using the LAT from MET1
239610747 s to 541486510 s, i.e., over ∼9.5 years of operations.
We use all events belonging to the Pass 8 Source class with
reconstructed direction within 105◦ from the local zenith (to
eliminate emission from the Earth’s atmosphere) and recon-
structed energies > 10 GeV and < 2 TeV. The lower energy
limit of 10 GeV minimizes the contamination from the bright
Vela pulsar, because the spectrum of the pulsar has a cutoff at
3.0 GeV (Abdo et al. 2013), and also the LAT Point Spread Func-
tion2 (PSF) 68% containment radius attains values < 0◦.15, much
smaller than the size of either component of the PWN. Further-
more, the energy threshold of 10 GeV reduces confusion with
the bright interstellar emission from the Milky Way, which has a
spectrum softer than Vela X.
We perform a binned maximum likelihood analysis using
Poisson statistics. The analysis region is a 5◦ × 5◦ square in Ce-
lestial coordinates (J2000 equinox) with Aitoff projection cen-
tered at the position of Vela pulsar. We bin the events over a
0◦.1 grid spatially, and using 8 bins per decade in energy. For
the analysis we employ the Fermi LAT Science Tools 11-05-
03 and the Python package Fermipy (Wood et al. 2017) version
0.15.1. We use the LAT Instrument Response Functions (IRFs)
P8R2_SOURCE_V6.
The starting model to be fit to the observations is constructed
combining all sources in the most recent LAT high-energy cat-
alogs: 2FHL (Ackermann et al. 2016) and 3FHL (Ajello et al.
2017). For sources present in both catalogs we take the model
from the more recent 3FHL, also consistent with our energy
range. We also include a model for interstellar emission pro-
duced by cosmic-ray interactions with gas and radiation fields
1 Fermi Mission Elapsed Time, i.e., seconds since the reference time of
January 1, 2001, at midnight in the Coordinated Universal Time (UTC)
system.
2 http://www.slac.stanford.edu/exp/glast/groups/canda/
lat_Performance.htm.
in the Milky Way (Acero et al. 2016) and a spectral model for
the isotropic background that accounts for extragalactic diffuse
gamma-ray emission and the residual background from cosmic-
ray interactions in the LAT misclassified as gamma rays3. We
fix the normalization of the isotropic background to 1, and leave
free the normalization of the interstellar emission model, which
has a higher number of predicted event counts for our region.
2.2. Morphological Analysis in the Low- and High-Energy
Domains
We start by subdividing the whole energy range into a low-
energy (LE) range from 10 GeV to 100 GeV, and a high-energy
(HE) range from 100 GeV to 2 TeV. We choose 100 GeV based
on the extrapolation of the spectra from Abramowski et al.
(2012); Grondin et al. (2013) and the spectral models in Hin-
ton et al. (2011) because we expect the extended nebula/cocoon
to be dominant below/above this energy. We have verified that
the results presented in the article do not depend critically on the
exact value of the energy threshold around 100 GeV.
For each energy range we separately derive from the data the
morphology of the emission associated with Vela X. First of all,
we re-evaluate the significance of all sources in the input cata-
logs, as quantified through the likelihood ratio test. We compute
the Test Statistic TS = 2 × ∆ logL = 2 × (logLtest − logL0),
where Ltest and L0 are the maximum likelihood values of the
test hypothesis and of the null hypothesis, respectively, i.e., for
this application, the model including or not including the source.
Sources with TS < 2 are removed from the model, and sources
with TS < 9 have their spectral parameters fixed to the cata-
log values. A point source at the position of the Vela pulsar is
always left in the model. Following the 3FHL catalog (Ajello
et al. 2017), the spectrum of the Vela pulsar is modeled as a log-
parabola. The spectral parameters of the Vela pulsar are left free
in the LE range, where TS > 9, and fixed to the determination in
the catalog in the HE range, where TS < 9. The catalog model
of Vela X is removed.
We then apply Fermipy’s iterative point-like source-finding
algorithm (Wood et al. 2017, Section 4.5) that uses peak finding
on a TS map to define new source candidates. Peaks with a mini-
mum TS of 9 and minimum separation of 0◦.5 from other sources
in the model are considered as candidates, and their position is
determined by fitting a 2D parabola to the log-likelihood surface
around the peak under the hypothesis of a power-law spectrum.
A maximum of 10 sources per iteration are added, and the pro-
cess is iterated until no additional candidates are found or up to a
maximum of 5 iterations. We find a total of 16 source candidates
in the LE domain and 4 source candidates in the HE domain,
respectively.
Then, we test the hypothesis that newly found point-like
source candidates within Vela X are associated with emission
from the extended PWN. They are identified by their positions
being in a region with brightness temperature > 2.5 K in the
330 MHz VLA image in Frail et al. (1997). Those sources, 11
in the LE range and 3 in the HE range, are removed from the
model, and replaced by an extended disk centered at the TS-
weighted barycenter of the point sources positions. The exten-
sion and center of the disk are then simultaneously fit to the data
through a multidimensional likelihood profile scan. This proce-
3 The two models are gll_iem_v06.fits and
iso_P8R2_SOURCE_V6_v06.txt, respectively, see https://fermi.
gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.
html.
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dure makes it possible to derive the best-fit morphology from the
data without being biased by the extended models of Vela X from
previous analyses of LAT data. In the LE range the 11 sources
are distributed uniformly across the area of the final best-fit disk,
while in the HE range the 3 sources are aligned along the direc-
tion of the X-ray cocoon. The spectral indices of the point-like
sources have very large uncertainties due to the limited statistics,
so that their values within each energy range are formally com-
patible with each other. The remaining source candidates found
outside Vela X are listed in Table A.1.
The results from the morphological analyses are reported in
Table 1, where the differences in likelihood and number of de-
grees of freedom are used below. Extended emission spatially
associated with Vela X is significantly detected in both energy
ranges. This is assessed quantitatively using the likelihood ratio
test, i.e., through the values of TS = 2 × ∆ logL for the disk
hypothesis compared to the hypothesis of no emission associ-
ated with Vela X, and for the disk hypothesis compared to the
point source hypothesis. Although we do not meet all criteria
necessary to apply the likelihood ratio test (in both cases the null
hypothesis lies on the border of the parameter space of the test
hypothesis, see Protassov et al. 2002), based on the Monte Carlo
studies in Mattox et al. (1996) and Lande et al. (2012) we as-
sume that in the null hypothesis TS is distributed as χ2n/2, where
the number of degrees of freedom is 5 (1) for the disk hypoth-
esis compared to the hypothesis of no emission associated with
Vela X (for the disk hypothesis compared to the point source hy-
pothesis), i.e., the difference in number of degrees of freedom
between test and null hypothesis. Following this approach the
significance of the detection of the extended disks is estimated
as 13σ and 7.3σ in the LE and HE range, respectively. Addition-
ally, the extended disk hypothesis is preferred over the hypoth-
esis of a single point source at 12.5σ and 5.5σ confidence level
in the LE and HE range, respectively.
We cannot use the likelihood ratio test to compare the hy-
pothesis of an extended disk to that of multiple point sources,
because the two models are not nested (e.g., Protassov et al.
2002). However, we can use the Akaike information criterion
(AIC, Akaike 1974). We calculate AIC = 2× (∆ d.o.f−∆ logL),
which results to be −31.6 (−13.6) in the LE (HE) domain. The
negative values indicate that the disk model is preferred over the
model with multiple point sources in both energy ranges. Note
that, however, the AIC does not enable us to quantify the signif-
icance of the preference of one model over the other.
The best-fit disk center and extension differ between the LE
and HE domains (Table 1). This is also illustrated in Figure 1.
In the figure we show the TS maps in the two energy ranges ob-
tained from the LAT data based on a model that does not include
extended emission from Vela X (the disk is removed from the
best-fit model). We calculate on the map grid the likelihood of
a model with an additional point source with a power-law spec-
trum with spectral index of 2. Then, we overlay to the TS map the
contour of the best-fit disks. We also compare the LAT TS maps
and best-fit disks with multiwavelength maps of the region. In
the LE range the emission overlaps the whole region of the ex-
tended nebula as seen in radio/microwaves, consistent with pre-
vious results (Abdo et al. 2010; Grondin et al. 2013). At higher
energies the emission becomes more concentrated and is coin-
cident with the X-ray cocoon. The HE emission also overlaps
the bulk of the emission seen at higher energies with H.E.S.S.
(Aharonian et al. 2006). The extension from our analysis, 68%
containment radius of 0◦.52 ± 0◦.02, is slightly larger than what
was measured with H.E.S.S., 0◦.43 ± 0◦.02. There is also a 0◦.6
shift of the emission centroid.
We further assess the correlation with emission at other
wavelengths by fitting templates to the LAT data:
– for the LE component we use the radio map from Frail et al.
(1997, Figure 1), on a 4◦×4◦ region centered at R.A. = 128◦.6,
Dec = −45◦.7; a priori we do not expect an exact proportion-
ality between gamma-ray intensities and radio intensities,
because radio emission is produced by synchrotron emis-
sion due to magnetic fields, while gamma-ray emission re-
sults from inverse-Compton (IC) scattering of low-energy
photons;
– for the HE component we use the gamma-ray map from
Abramowski et al. (2012); since the high-energy PSF of
the LAT is comparable to that of H.E.S.S., we apply a PSF
deconvolution using the Richardson-Lucy algorithm (Lucy
1974) as implemented in the scikit-image Python pack-
age (van der Walt et al. 2014); furthermore we use for the
template only the region of 0◦.8 radius where the significance
of the gamma-ray emission detected with H.E.S.S. is the
highest (Abramowski et al. 2012).
In the LE domain the likelihoods of the fit with the disk and
the radio template are very similar, confirming that there is a
very good correlation between gamma-ray and radio emission,
with the radio template preferred based on the Akaike informa-
tion criterion (AIC = −10.2). In the HE domain the disk pro-
vides a better fit to the LAT data than the H.E.S.S. template,
AIC = −17.4, which is consistent with the shift already noted
between emission measured by the LAT and H.E.S.S. In the HE
domain the single disk is preferred even to the combination of
radio and H.E.S.S. templates, with AIC = −6. However, count-
ing statistics for the LAT in the HE domain are too low to draw
robust conclusions on this point, as well as with respect to the
fainter TeV emission beyond the cocoon over an area with ra-
dius of 1◦.2 detected by H.E.S.S. (Abramowski et al. 2012).
In the LE TS map (Figure 1) the highest peak corresponds
to the object FGES J0830.3−4453 from the LAT catalog of
extended Galactic sources detected at energies > 10 GeV
(Ackermann et al. 2017). In Ackermann et al. (2017) the
bulk of emission from Vela X is accounted by the source
FGES J0832.0−4549, which has an extension radius of 0◦.71 ±
0◦.05, smaller than the best-fit extension of the disk that we
obtained in the LE range, 1◦.36 ± 0◦.04. Our pointlike source-
finding procedure had identified a candidate coincident with
FGES J0830.3−4453. This source candidate is one of the 11 that
we have removed from the model owing to its overlap with ra-
dio emission from Vela X. We have shown that our best-fit disk
is preferred to the combination of the 11 point sources based on
the AIC.
We further test the significance of an individual source co-
incident with FGES J0830.3−4453 on top of the radio template,
which provides the best representation of the large-scale emis-
sion from Vela X in the LE range. Using a multidimensional
likelihood profile scan we first localize a pointlike source start-
ing from the previously-found seed, and then we simultaneously
fit the center and radius of an extended disk source to the data.
The TS value for the pointlike source hypothesis compared to
the hypothesis of no individual source on top of the radio tem-
plate is 29.4, therefore an individual source is detected with a
significance of 4.5σ. The TS value for the hypothesis of a disk
source compared to the pointlike hypothesis is 7.1, therefore
the source is not significantly extended (2.7σ). The pointlike
source, hereafter referred to as PS J0830.4−4449, is localized
at R.A. = 127◦.61 ± 0◦.03, Dec = −44◦.82 ± 0◦.04. It will be part
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Table 1. Results from the Morphological Analysis of Vela X in the Low- and High-Energy Domains.
LE (< 100 GeV) HE (> 100 GeV)
RA (J2000) 128◦.65 ± 0◦.11 128◦.06 ± 0◦.05
Dec (J2000) −45◦.47 ± 0◦.06 −45◦.84 ± 0◦.05
l 263◦.71 ± 0◦.08 263◦.76 ± 0◦.06
b −3◦.07 ± 0◦.09 −3◦.62 ± 0◦.04
Center errora (1σ) 0◦.13 0◦.07
radius 1◦.36 ± 0◦.04 0◦.63 ± 0◦.03
∆ logL (d.o.f.), disk/no source 89.9 (5) 30.5 (5)
∆ logL (d.o.f.), disk/point source 78.0 (1) 15.2 (1)
∆ logL (d.o.f.), disk/multiple point sourcesb -23.2 (-39) 0.18 (-7)
∆ logL (d.o.f.), disk/templatec -2.1 (3) 11.7 (3)
Notes. We report the parameters of the best-fit disks (top), and the differences in maximum-likelihood logarithm (logL) and number of degrees
of freedom (d.o.f) between the disk models and the hypothesis that there is no emission associated with Vela X, and other models considered in
the analysis (bottom).
(a) Statistical uncertainty in the disk center position. (b) The multiple point source model has 11 sources associated with Vela X in the LE domain,
and 3 in the HE domain. (c) We compare the best-fit disks with the radio template in the LE range, and the H.E.S.S. template in the HE range,
respectively. See section 2.2 for details.
of the model for the following steps when using the radio tem-
plate, and considered as a source of systematic uncertainties in
the evaluation of the spectrum of Vela X. Understanding the na-
ture of the excess at the position of PS J0830.4−4449 and its
relationship to Vela X is beyond the scope of this paper and left
for future work.
2.3. Full Energy Range Analysis and Spectra
We combine the best-fit models from the analyses in the LE and
HE ranges and we fit them to the LAT data over the whole energy
range from 10 GeV to 2 TeV. For Vela X we include two mor-
phological components: the radio template and the disk fit to the
LAT data in the HE range. For both we model the spectrum as
a power law. We tested both components for spectral curvature
using as model a power law with exponential cutoff, but this re-
sulted in an insignificant likelihood improvement.. Other sources
in the region are taken from the LE model, or from the HE model
if not present in the LE model. Newly-found source candidates
are considered to be the same source (thus, taken from the LE
model) if their positions are within 0◦.2. We eliminate newly-
found source candidates with TS < 9 over the full energy range.
This leaves in the final model only one newly found source can-
didate, with TS = 9.3 (PS J0842.7−4443, see Table A.1), plus
PS J0830.4−4449. The Vela pulsar is included in the model with
free spectral parameters. We will refer to this model as model A.
To asses the impact of the assumptions about the morpho-
logical representation of Vela X on the spectral properties we
consider two alternative models:
– in model B we replace the radio template and
PS J0830.4−4449 with the disk fit to the LAT data in
the LE range;
– in model C we replace the HE disk with the H.E.S.S. tem-
plate.
From the fit of the three models to the data, we obtain the results
shown in Table 2.
Model A is confirmed to be the best representation of the
data also over the whole energy range, with AIC −25.0 and
−26.4 with respect to models B and C, respectively. We can
also compare model A with the spatial models of the Vela X
region used in the previous catalogs that cover the same energy
range, 3FHL (Ajello et al. 2017) and FGES (Ackermann et al.
2017). In order to do so we replace the radio template, the HE
disk and PS J0830.4−4449 with the extended disks used in the
catalogs, i.e., 3FHL J0833.1−4511e, and FGES J0830.3−4453
plus FGES J0832.0−4549, respectively. We obtain a decrease of
logL of 91.2 (27.4) for 6 (1) fewer degrees of freedom for the
3FHL (FGES) model, thus AIC= −170.4 (-52.8) favors model A
from this work as the best representation of the Vela X region.
The full energy range fit with model A results in the detection of
the soft component with morphology described by the radio tem-
plate with a significance of 8.4σ, and of the hard component with
morphology described by the HE disk (Table 1) with a signifi-
cance of 5.4σ (see Section 2.2 for details about the conversion
from TS to significance).
We also evaluate systematic errors on the spectral results due
to the LAT effective area uncertainties by applying the bracket-
ing IRFs method (Ackermann et al. 2012). For the dataset we
use, and neglecting energy dispersion in the analysis, the effec-
tive area systematic uncertainties4 are estimated to be 5% for
energies between 10 GeV and 100 GeV, and then to increase as
a function of energy E as: 5% + 10% × [log10(E/1 MeV) − 5].
The effective area is varied within this uncertainty band accord-
ing to Equation 28 in Ackermann et al. (2012). For the flux un-
certainties we use B(E) = ±1, while for the uncertainties on the
spectral index we adopt the expression in Equation 29 of Acker-
mann et al. (2012) with the decorrelation energies E0 = 24 GeV
and 640 GeV for the LE and HE components, respectively. Note
that there is an additional uncertainty in the absolute energy
scale amounting to +4%/ − 10% (Ackermann et al. 2012) not
accounted for in these estimates.
A summary of the spectral parameters including systematic
uncertainties is given in Table 3. For the following we will com-
bine in quadrature systematic uncertainties originating from the
morphological representation of Vela X and from the LAT ef-
fective area. Figure 2 shows the spectral energy distribution of
the two extended components in Vela X both from the fit over
the whole energy range and from a bin-by-bin fit over narrower
energy intervals. The spectrum of the HE component is signifi-
cantly harder than that of the LE component (Table 3, Figure 2),
consistent also with the results obtained in the two separate en-
ergy bands in Section 2.2. Figure 2 illustrates that the sum of the
4 https://fermi.gsfc.nasa.gov/ssc/data/analysis/
scitools/Aeff_Systematics.html.
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Fig. 1. Multiwavelength maps of the analysis region. The LAT TS maps for energies below and above 100 GeV are derived as described in
Section 2.2. The VLA map at 330 MHz is reproduced from Frail et al. (1997), the H.E.S.S. map for energies > 750 GeV from Abramowski et al.
(2012). We also show maps at 44 GHz from the Planck survey (Planck Collaboration et al. 2016), and at X-ray energies > 0.5 keV from the
ROSAT survey (Voges et al. 1999). The blue and red circles show the best-fit disks that account for Vela X in LAT data at energies < 100 GeV and
> 100 GeV, respectively (Section 2.2). The star shows the position of the Vela pulsar. The black circle in the top left plot corresponds to the source
FGES J0830.3−4453 (Ackermann et al. 2017), while the white cross shows the position of the source PS J0830.4−4449 found in our analysis.
Note that for the LAT maps all sources other than Vela X and FGES J0830.3−4453/PS J0830.4−4449, including the Vela pulsar, were accounted
for in the background model. All maps are reprojected on the same grid as the gamma-ray images. Furthermore, they are smoothed for display to a
common resolution of 0◦.15. In the top left corner of the LAT maps we show the effective PSF 68% containment circle in the corresponding energy
range for a power-law spectral distribution with index 2.
fluxes from the two components matches well the overall fluxes
derived in the 3FHL catalog (Ajello et al. 2017).
Figure 2 shows that the SED of the LE component overlaps
with the SED derived from LAT data at energies < 100 GeV by
Grondin et al. (2013). The latter study had pointed out a marginal
spectral difference between the Northern and Southern part of
the extended nebula in GeV gamma rays. Our statistically-
limited dataset at energies > 10 GeV does not permit us to ad-
dress this point. The value of the spectral index of the LE com-
ponent above 10 GeV, 2.19 ± 0.16+0.05−0.22, is fully consistent with
the global value in Grondin et al. (2013) obtained using a simple
power law model, 2.24 ± 0.04, but is marginally harder than the
high-energy value for a broken power law model with a break at
∼2 GeV, 2.89 ± 0.23 ± 0.05.
Figure 2 also shows that the SED of the HE disk connects
to the SED measured at energies > 750 GeV with H.E.S.S.
(Abramowski et al. 2012). The spectral index of the HE compo-
nent of 0.9±0.3+0.3−0.1 is consistent with that derived from H.E.S.S.
data above 750 GeV of 1.32±0.06±0.12 within the uncertainties.
3. Discussion and conclusions
The analysis of ∼9.5 years of Fermi LAT data has enabled us to
disentangle the two morphological/spectral components of the
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Table 2. Results from the Spectral Analysis of Vela X in the Full Energy Range > 10 GeV: properties of the LE and HE components for different
morphological models.
Model A Model B Model C
∆ logL (d.o.f.) 0 (0) −13.5 (-1) −16.2 (-3)
LE component Energy Fluxa 2.0 ± 0.5 2.5 ± 0.5 2.6 ± 0.4
Spectral Index 2.19 ± 0.16 2.14 ± 0.13 1.98 ± 0.16
TS 74.3 86.0 100.3
HE component Energy Fluxa 2.6 ± 0.9 2.5 ± 0.9 2.1 ± 1.2
Spectral Index 0.9 ± 0.3 1.1 ± 0.3 1.2 ± 0.3
TS 32.9 34.8 6.4
Notes. The models are described in Section 2.3. Different models are compared based on the difference of the likelihood logarithm (∆ logL),
and the difference in number of degrees of freedom (d.o.f.) associated with Vela X, taking model A as reference. The detection significance of a
component is given by TS = 2× (logL− logL0), where L and L0 are the maximum likelihood values of the model including or not including the
component, respectively.
a 10−5 MeV cm−2 s−1, integrated for energies between 10 GeV and 2 TeV.
Table 3.Results from the Spectral Analysis of Vela X in the Full Energy Range > 10 GeV: summary of the properties of the LE and HE components
including systematic uncertainties.
Component Parameter Value Uncertainties
Statistical Morphology Effective Area
LE component Energy Fluxa 2.0 0.5 +0.6/ − 0 0.2
Spectral Index 2.19 0.16 +0/ − 0.21 0.05
HE component Energy Fluxa 2.6 0.9 +0/ − 0.4 +0.4/ − 0.3
Spectral Index 0.9 0.3 +0.3/ − 0 0.1
Notes. Parameter values and statistical uncertainties correspond to model A from Table 2. Systematic uncertainties due to assumptions on the
morphology are evaluated from the maximum spread of parameters values with respect to models B and C in Table 2. We also report systematic
errors due to the LAT effective area uncertainties (estimated using the bracketing IRFs, see Section 2.3 for details).
a 10−5 MeV cm−2 s−1, integrated for energies between 10 GeV and 2 TeV.
Fig. 2. Spectral Energy Distribution (SED) of Vela X. We show separately the spectra for the low-energy (LE) and high-energy (HE) components
as derived in this work. The lines and shaded bands show the best-fit power laws for each component with their uncertainties, based on the fit
using model A. The darker shaded band corresponds to 68% statistical uncertainties only, while the lighter shaded band corresponds to the sum in
quadrature of statistical uncertainties and systematic uncertainties from the morphological representation of the sources (models B and C) and the
LAT effective area (see Section 2.3 for details). The points and 95% confidence level upper limits show the binned SED. For points capped error
bars show the 68% statistical uncertainties only, while the uncapped error bars show the sum in quadrature of statistical uncertainties and systematic
uncertainties. Upper limits include systematic uncertainties as well. We also show the overall SEDs of Vela X from H.E.S.S. (Abramowski et al.
2012), from the LAT measurements < 100 GeV (Grondin et al. 2013), and from the 3FHL catalog (Ajello et al. 2017). The dashed lines show the
predictions of the radiative model described in Section 3.
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Vela X PWN in the 10 GeV-2 TeV energy range, bridging the
gap between previous results from the LAT (Grondin et al. 2013)
and measurements with H.E.S.S. (Abramowski et al. 2012).
At low energies, a soft component (spectral index 2.19 ±
0.16+0.05−0.22) extends over a region of radius 1
◦.36 ± 0◦.04, consis-
tent with the extension of the radio/microwave nebula. At high
energies, a component with a very hard spectrum (spectral index
0.9 ± 0.3+0.3−0.1) is concentrated over an area of radius 0◦.63 ± 0◦.03,
that overlaps the X-ray cocoon, already established to account
for the bulk of the emission at TeV energies, but with a shift
of the emission centroid. Our measurements show that the lat-
ter component becomes dominant in the 100-400 GeV energy
range.
In Figure 2 we show for illustration purposes a simple ra-
diative model that approximately reproduces the spectra of the
two components. We assume that there are two populations of
relativistic electrons, each with a spectrum described by a power
law with exponential cutoff
dN
dE
= N0
(
E
E0
)−p
exp
[
−
(
E
Ecut
)α]
. (1)
The relativistic electrons produce IC emission upscattering pho-
tons from the Cosmic Microwave Background (CMB), far in-
frared emission from dust, and starlight. For the two latter com-
ponents we assume greybody spectra with temperatures of 30 K
and 3000 K, respectively, and energy densities of 0.2 eV cm−3
and 0.3 eV cm−3, respectively. We use this parametrization to ap-
proximate the local interstellar radiation field (e.g., Porter et al.
2008; Popescu et al. 2017). As shown, e.g., in Grondin et al.
(2013), dust and star emission has a sizable impact on the IC
emission from the GeV nebula. Therefore, detailed modeling of
the gamma-ray emission from Vela X would require one to take
the uncertainties in the radiation fields into account. This is, how-
ever, beyond the scope of this paper and left for future work. We
calculate IC emission using the formulae by Khangulyan et al.
(2014) as implemented in the naima Python package by Zabalza
(2015).
For the extended nebula/LE component we set p = 1.7, as
required by radio observations (e.g., Hinton et al. 2011; Grondin
et al. 2013). In order to reproduce the LAT spectrum including
our new measurements we assume Ecut = 30 GeV and α = 0.6.
Our results confirm the roll-over of the electron spectrum at a
few tens of GeV found in previous studies. As discussed in Hin-
ton et al. (2011), a steepening of the spectrum at these energies is
difficult to explain with energy losses due to synchrotron radia-
tion or IC scattering given the physical conditions in the nebula,
and there is no reason to expect it from the particle acceleration
mechanism. Additionally, the slower-than-exponential cutoff is
not consistent with radiative cooling. Therefore, the roll-over of
the spectrum is more likely the result of a different process, such
as diffusive escape from the nebula as advocated in Hinton et al.
(2011).
For the X-ray cocoon/HE component we take p = 1.2,
Ecut = 30 TeV, and α = 1. These values are consistent with
previous results based on X-ray and TeV gamma-ray measure-
ments (e.g., Tibaldo et al. 2017). However, previous measure-
ments were mostly constraining multi-TeV parent electron ener-
gies, while here we extend the spectral measurement to lower en-
ergies, well below the high-energy spectral cutoff. For a power-
law electron spectrum, expected from the most common models
of particle acceleration in PWNe (e.g., Sironi & Cerutti 2017),
the very hard spectrum of the gamma-ray emission is indicative
of electrons that have not experienced yet significant cooling due
to radiative losses. This is expected given the age of the cocoon
of ∼10 kyr (Blondin et al. 2001), since, for the magnetic field
strength of 5 µG (de Jager et al. 2008), the cooling time of elec-
trons with energies < 10 TeV is > 30 kyr.
For the same hypothesis of a power-law electron spectrum,
in the Thomson regime the IC spectral index Γ is related to the
electron spectral index p as: Γ = (1 + p)/2. The electron spectral
index p ' 2.2 − 2.4 predicted at late (> 10 kyr) times for Fermi
acceleration at relativistic shocks (Achterberg et al. 2001; Keshet
& Waxman 2005; Sironi & Cerutti 2017) would correspond to an
IC spectral index Γ ' 1.6−1.7. The value we find of 0.9±0.3+0.3−0.1
hints that the electron spectrum may be harder in the Vela X
cocoon.
Several mechanisms discussed in the literature could pro-
duce such a harder spectrum. Bykov et al. (2017) predict hard
spectra in Vela X for electrons reaccelerated in the converging
flow system formed by the plasma outflowing from the wind
termination shock and the plasma inflowing from the bowshock
caused by the motion of the pulsar within its parent SNR. An-
other mechanism, often invoked to explain the hard TeV spec-
tra of active galactic nuclei, but possibly applicable also to
PWNe, is stochastic particle acceleration combined with strong
synchrotron and IC energy losses that produce a Maxwellian-
like electron spectrum (Schlickeiser 1985; Stawarz & Petrosian
2008). Furthermore, much attention has been given lately to the
role played by particle acceleration in magnetic reconnection in
PWNe. Magnetic reconnection models generally predict spec-
tra harder than shock acceleration for high wind magnetizations
σ & 10 (Sironi & Spitkovsky 2014). This condition may not be
realized in Vela X, e.g., Bühler & Giomi (2016) estimate σ ' 3.
However, Guo et al. (2014) argue that hard power-law spectra
may also be achieved with σ ∼ 1 in sufficiently large recon-
nection layers. Finally, Horns et al. (2006) proposed a model
for TeV emission from Vela X dominated by relativistic ion in-
elastic collisions. Their model predicts a very hard spectrum at
a few hundred GeV. Moreover, the coexistence of ion and IC
emission with different spectra may help to explain the shift of
the emission centroid found between the LAT and H.E.S.S. mea-
surements.
Spatial and spectral results from this analysis can be incorpo-
rated in future multiwavelength studies of Vela X, and compared
to comprehensive physical models of the nebula in order to fur-
ther constrain the mechanisms of particle acceleration and trans-
port. The spatial and spectral properties of Vela X in the energy
range above a few tens of GeV are soon expected to be measured
in greater detail by the Cherenkov Telescope Array (CTA, Actis
et al. 2011).
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Table A.1. . Coordinates of candidate sources outside Vela X found
during the morphological analysis in Section 2.2.
Name R.A. Dec. TS
PS J0821.5−4658 125.40 ± 0.07 −46.98 ± 0.09 17.2
PS J0823.3−4247 125.83 ± 0.08 −42.79 ± 0.07 34.0
PS J0839.5−4343 129.88 ± 0.16 −43.73 ± 0.13 13.4
PS J0842.7−4443† 130.69 ± 0.09 −44.73 ± 0.09 11.6
PS J0847.7−4559 131.95 ± 0.08 −45.99 ± 0.08 15.2
PS J0823.6−4328 125.92 ± 0.09 −43.48 ± 0.07 11.5
Notes. The upper section refers to the analysis in the LE range, the
lower section to the HE range.
† Source included also in the full-energy range analysis.
Appendix A: Source candidates in the region
around Vela X
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